Abstract-In this paper, the expressions that define compressibility of hydraulic medium are used to develop a nonlinear spring-like model for a hydraulic actuator. Using this model, an energy based controller for passive bilateral tele-operation of hydraulic actuator is designed. The control problem is posed to achieve power amplification from the master to the slave. The unknown external forces on the slave system are assumed to be constant and are estimated using techniques from direct adaptive control. Efficacy of the controller is evaluated by implementing it on a single degree-of-freedom setup. Experimental results demonstrate good co-ordination characteristics both in free space and when encountering a hard surface.
I. INTRODUCTION
Bilateral tele-operation is a convenient way to extend human presence to remote and inaccessible locations. Haptic feedback is preferrable in these applications to provide the human operator a 'feel' for the remote environment. Passive controllers [14] are commonly used to achieve tele-operation as they guarantee safe and stable interaction with unknown environments. As shown in [11] , hydraulic systems are not inherently passive. Passification of hydraulic systems can be achieved through appropriate design or by implementing suitable feedback controllers [11] .
A few different methods for active passification of hydraulic systems are available in literature. In [5] and [13] casimir functions are used to obtain passive controllers for stabilization of the hydraulic system. In [9] a pseudo energy function is defined to obtain passive controllers for position regulation. In [8] , an energetically passive scheme for bilateral tele-operation of hydraulic actuators is investigated. In that work, all the components in the hydraulic system, including the valve, are modeled within passivity framework. Suitable controllers are defined to achieve passivity with respect to a desired supply rate. A bond graph based controller for bilateral tele-operation is presented in [4] . In both [4] and [8] , the actuator energy is defined based on linear models and the compressibility of actuator is not modeled. In [7] , an energy function based on the nonlinear dynamics of the actuator is presented. A different energy based formulation is presented in the current paper for energetically passive bilateral tele-operation.
In [6] , a novel passivity based controller was proposed for a hydraulic human power amplifier. The actuator is modeled as a combination of an ideal velocity source and a spring for V. Durbha is a graduate student at University of Minnesota durbh002@umn.edu P. Li is with the Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, USA pli@me.umn.edu modeling the compressibility affects of the fluid medium. A schematic of this model is shown in Fig. (1) . The flow rate to/from the actuator is related to the ideal velocity as, Fig. 1 . Schematic of Hydraulic Actuator illustrating the modeling paradigm adopted in this paper whereẋ I is the ideal velocity, and Q i and A i correspond to the flow rate and piston area in chamber i ∈ (1, 2) respectively. In the above equation it is assumed that the flow going to the actuator is positive and flow from the actuator is negative. Passivity framework is achieved by enforcing a passive element, such as a virtual inertia, to be the source of this ideal velocity. This modeling paradigm of the actuator is as shown in Fig. (2) . While the actuator modeling paradigm in this paper is similar to [6] , a key difference is the formulation of energy of the hydraulic actuator. In [6] , a linear spring is used to capture the compressibility affects of the hydraulic medium, and a corresponding energy function is defined. In the current paper it is shown that the dynamics of a hydraulic actuator is more aptly captured by a nonlinear spring.
An advantage of the framework for actuator model shown in Fig. (1) is that it can be conveniently extended to achieve bilateral tele-operation. In this paper, the master is simulated to be an electro-mechanically actuated system. In such a case, the virtual mass in Fig. (1) is replaced by the master system. Co-ordination between master and slave is achieved by implementing suitable feedback controllers. In most applications it is desirable that the power input by the human operator at the master is amplified at the slave while performing the required tasks. In the current work, this is achieved by designing a co-ordination controller with amplified master dynamics. This framework is as illustrated in Fig. (3) . If the master system is also actuated by fluid power (hydraulic or pneumatic), the framework described in [2] can be adopted. It should be mentioned that communication delay is not pertinent to our experimental setup and is therefore not addressed in this paper. In the following section, dynamics of the systems involved is presented. The spring-like model for the hydraulic actuator is presented in section III. Expressions for the actuator energy and the power flow from the actuator, required for controller design, are also presented in section III. In section IV, the control problem for bilateral tele-operation is formulated. The controller design and passivity analysis of the controller are presented in section V. Experimental results are presented in section VI, followed by concluding remarks in section VII.
II. SYSTEM MODEL
In most current applications of tele-operation the master is usually a servo-motor actuated joystick. For the sake of simplicity, it is therefore assumed that the dynamics of the master can be captured by a mass-spring-damper system. The slave system, as shown in Fig. (4) , is hydraulic actuated. The force from the hydraulic actuator is measured using a load cell. There are sensors on board to measure the position of the slave system. The dynamics of master and slave inertias is given by, Fig. 4 . The hydraulic system used as the slave system used in this study. The system is actuated to move in the vertical plane.
where the subscripts m, s represents master and slave entities respectively, M corresponds to mass, x corresponds to position, F e represent environmental forces and ρ is the scaling factor from master to slave. The actuator force is given by F a , and F h is the force exerted by the human operator. The environmental forces on master include the spring force and the damping force. The force feedback from slave to master is the scaled actuator force. The actuator force is given by,
where P i is the pressure of i th ∈ (1, 2) chamber. The pressure dynamics in the individual actuator chambers are given by [10] 
where β is the bulk modulus of the hydraulic fluid, Q 1 and Q 2 are the flow rates to chamber 1 and 2 respectively, and the actuator chamber volumes V 1 (x s ) and V 2 (x s ) are defined as,
where L 1o is the length corresponding to dead volume in chamber 1 and L o is the sum of actuator stroke length and dead volume corresponding to both chambers of the actuator.
In the subsequent sections we will use
. From Eq (4) and Eq (5), the force dynamics are obtained as,Ḟ
The flowrate to individual actuator chambers is related to ideal velocityẋ I as given by Eq (1). The ideal actuator speed is related to the valve command u as [12] ,
where w is the area gradient, P s is the supply pressure, and r = A 1 /A 2 is the area ratio. If pressure sensors are available, the more conventional orifice equation can be used to obtain the valve model without affecting the controller design. In the following section, an expression for the energy in the actuator is proposed to aid in the design of passive controllers.
III. ACTUATOR ENERGY
Consider the following relationship between pressure and volume for a given mass of fluid,
where i ∈ (1, 2) On integrating the above equation we get,
where
/β is the integration constant, and
correspond to the initial pressure and volume. Substituting the above equation in Eq (4), the force dynamics as a function of position are obtained as,
where h(x s ) is appropriately defined. Note that the above equation is only valid for fixed mass of fluid in each chamber of the actuator. At the equilibrium positionx s the actuator force is zero. We therefore have,
Intuitively, the equilibrium position should depend on the mass of fluid in each chamber. As the mass changes, the pressure changes and this consequently affects the equilibrium position. The exact expression for equilibrium position is however not required for controller design. From Eq (10) and Eq (11), the actuator force can then be expressed as,
where m represents the mass of fluid in the actuator. Above equation shows the actuator force is a function of the actuator position and the mass of fluid in the actuator chamber. Note that actuator force in Eq (12) resembles that of a nonlinear spring element. Expanding h(x s ) about the equilibrium positionx s , the actuator force can be approximated as,
where the nonlinear spring stiffness K(x s ) is given by,
On differentiating h(x) we get,
The force dynamics in Eq (6) can be expressed as,
In the above equationx s is dropped for convenience. Energy in the spring for a given mass of fluid in each chamber is given by,
wherex s and F a correspond to the equilibrium position of the actuator and the actuator force at different positions z of the actuator respectively, for a given mass of fluid. The power flow from the actuator is obtained by differentiating Eq (17) and is given by,
From Eq (12) and Eq (15),ḣ(x s ) can be expressed as,
Using the above equation and Eq (7), power flow in the actuator is obtained as,
The above equation shows that the actuator is a two port system, where mechanical power is extracted from one port and the other port interacts with the fluid input port. The control problem is formally presented in the following section.
IV. PROBLEM FORMULATION
Tele-operation is achieved through position and velocity co-ordination between the master and the slave systems. Passive operation is achieved if the external supply rate satisfies the following condition ∀ t,
where s(F h , F em,s ,ẋ m,s ) is the desired external supply rate. The above condition states that the amount of energy that can be extracted from the tele-operator is bounded by d 2 o . In this work, the desired energetic supply rate is defined as,
The control problem is therefore to achieve position and velocity co-ordination given by Eq (25) while satisfying the passivity condition in Eq (23).
As we are interested in co-ordination, it is desirable to study the problem in relative co-ordinates. The system dynamics are therefore transformed using the following transformation [1] ,
where V L corresponds to the velocity of locked system and V E is the velocity of shape system. The transformation matrix is given by,
, and M L = (ρM m + M s ) is the inertia corresponding to the locked system. The locked system represents the dynamics of the combined master and slave systems, whereas the shape system represents the relative dynamics and they are given by,
where F e1 is the transformed external forces acting on master, F e2 is the transformed external force on slave and they are given by,
Therefore to achieve the control objective in Eq (25) the shape system dynamics have to be regulated. From the locked system dynamics it can be inferred that once co-ordination is achieved, the combined system moves under the influence of amplified human force and other environmental forces only. Thus, the proposed formulation of bilateral tele-operation provides power amplification while achieving co-ordination between master and slave systems.
V. CONTROLLER DESIGN
The passive controller to achieve bilateral tele-operation is presented in the following theorem.
Theorem 1: For the shape system dynamics given by Eq (29) and actuator dynamics given by Eq (16), passive bilateral co-ordination is achieved asymptotically for the following valve command input,
where the ideal velocity commandẋ I is given by,
where F d a is the desired actuator force and is given by,
a is the error in force tracking, the estimate for the unknown external forceF e2 is obtained from,
Z f is the integral of the force tracking error and is given by,
and K p , λ, K f , K f i , and λ 1 are positive constants,ẋ m is the velocity of master, K(x s ) is the stiffness of the nonlinear spring. Proof: Consider the following Lyapunov function,
s is the position of the actuator providing the desired force, andF ex is the error in estimating the unknown external force. Differentiating the above Lyapunov function and using Eq(31), Eq(33) and Eq(32) we get,
In the above equation, by selecting the constants λ and appropriately,Ẇ can be made negative semi-definite. Differentiating the above equation we get,
Assuming that all the external signals and their derivatives are bounded, it can be shown thatẄ is bounded. Hence, using Barbalat's lemma [3] , it can be shown that the (q E , V E ,F a ) converges to 0 asymptotically.
The control command as given by the Eq (31) results in port interaction as shown in Fig. (5) . In the figure, u e represents components of the input other thanẋ m . The figure shows that the control command results in a naturally scaled power flow from master to the slave system. The additional input u e is required to achieve co-ordination. As the feedback term is an active input, it can lead to non-passive operation. By coupling the energy demands of the feedback term with that of a flywheel, passivity is enforced. This is explanined in the following section. 
A. Passivity analysis
The dynamics of the flywheel are given by,
Now consider the following storage function,
Differentiating the above expression and plugging in the system dynamics from Eq (2), Eq (3), Eq (38) and using Eq (22) we get,
Using the expression for control inputẋ I as defined in Eq (31) we get,
(41) The feedback input and the flywheel torque are coupled such that any energy input into the system is extracted from the flywheel. Therefore two different modes of operation depending on the kinetic energy of the flywheel are defined. The torque input to the flywheel is given by,
wherê
where f o is a predefined threshold velocity. When the flywheel velocity is greater than the threshold velocity, appropriate feedback for co-ordination is input to the teleoperator. During this mode of operation Eq (41) changes to,
On integrating the above equation we achieve the desired passivity condition,
Comparing the above equation with Eq (23), one can notice that the bound on the energy that can be extracted from the tele-operator is given by the initial energy in the system. When the flywheel velocity falls below the threshold value, the controller is switched to guarantee stability at the expense of performance. In this mode Eq (41) changes to,
On integrating the above equation the passivity condition in Eq (44) is again satisfied.
VI. IMPLEMENTATION RESULTS
Due to lack of access to a viable haptic interface, the master is simulated as a mass-spring-damper system. To make the experiments more realistic however, the human force to the master system was applied through an external load-cell. It is assumed that the position and velocity of the master are available. It is also assumed that all the external forces acting on the master are known. The slave system is a hydraulically actuated inertia moving in the vertical plane. Position information of the slave is available through a sensor. As mentioned in section V, environmental forces acting on the slave are unknown and are estimated. To evaluate the controller, two sets of experiments were performed. In the first set, the input commands were given at the master. The slave system was expected to follow the master trajectory. In this experiment an obstacle was placed in the path of the slave to investigate stability of interaction with a hard contact. The position and velocity tracking results are presented in Fig. (6) and Fig. (7) . In free space the results show good co-ordination characteristics between the master and slave. At the hard contact the slave immediately comes to a stop and the master quickly follows. The actual and desired actuator forces are shown in Fig. (8) . From Eq (32), note that the once co-ordination is achieved, the desired actuator force is a scaling of forces acting on the master system. As seen from Fig. (8) and Fig. (6) , even as the external forces on the master increase, both the master and the slave are stationary at the hard contact without any interaction instabilities. This demonstrates reflection of the interaction force from the slave to the master. The commanded input during this operation is as shown in Fig. (9) . To investigate bilateral nature of the controller, input commands by the human were applied at the slave instead of the master. The position tracking in this experiment is as shown in Fig. (10) and the velocity tracking is shown in Fig. (11) . The plots clearly indicate that the master and slave an energetic supply rate. Experimental results demonstrate bilateral operation and also efficacy of the controller in both free space and when encountering a hard contact. The presented work assumes that the system parameters such as bulk modulus, dead volume are well known. In future work, adaptive control strategies will be employed to estimate these parameters.
